Question: The decline of the Pinus palustris ecosystems has resulted from anthropogenic influences, such as conversion to pine plantation forestry, agriculture and land development, all of which are closely related to increases in human populations. Other effects, however, have arisen from alterations in disturbance regimes that maintain the structure and function of these ecosystems. How have alterations of the disturbance regime altered the physiognomy of 'old-growth' stands, and what are the implications for ecosystem conservation and restoration? Methods: In contrast to models that emphasize close interactions among the vertically complex strata, we develop a conceptual phenomenological model for the physiognomic structure of Pinus palustris stands. We relate two natural disturbances (tropical storms and fire) that affect different stages of the life cycle to different aspects of the physiognomic structure. We then compare overstorey stand structure and ground cover composition of two old-growth longleaf stands near the extremes of different composite disturbance regimes: the Wade Tract (frequent hurricanes and fire) and the Boyd Tract (infrequent hurricanes and long-term fire exclusion). Results: We predict that tropical storms and fires have different effects on stand physiognomy. Tropical storms are periodic, and sometimes intense, whereas fires are more frequent and less intense. Hurricanes directly influence the overstorey via windcaused damage and mortality, and indirectly influence the herb layer by altering the spatial distribution of shading and litter accumulation. Fire exerts direct effects on juvenile stages and indirect effects on the herb layer via fine fuel consumption and selective mortality of potential competitors of P. palustris juveniles. These differences in effects of disturbances can result in widely different physiognomies for P. palustris stands. Finally, some global climate change scenarios have suggested that changes may occur in tropical storm and fire regimes, altering frequency and severity. Such changes may greatly affect pine stands, and ultimately entire pine savanna ecosystems. Conclusions: Our phenomenological model of disturbance regimes in Pinus palustris old-growth produces very different physiognomies for different disturbances regimes that reflect natural process and human management actions. This model can be used to derive restoration strategies for pine savannas that are linked to reinstitution of important ecological processes rather than specific physiognomic states.
Introduction
Ecological restoration is focused on modifying degraded ecosystems (Noss et al. 2006 ) to improve their 'ecological integrity'. 'Natural' and/or 'historic' conditions can serve as a target for ecological restoration (Noel et al. 1998; Moore et al. 1999) . For example, McCarthy (2003) suggested that old-growth deciduous forest stands should be used as benchmarks for restoration of highly-disturbed forests in eastern North America, and Gilliam & Roberts (2003b) called for preservation of old-growth forests for such purposes. Such an approach is problematic when applied to systems in which the natural variation in old-growth conditions no longer exists (Schwartz 1994) . Old-growth pine savannas typical of the original landscape of large areas of the southeastern USA are essentially gone; the few old-growth stands that remain represent a biased target in that nearly all occur on unusual site conditions. Moreover, these few remaining old-growth pine savannas often have been greatly altered by personal management decisions or from fire suppression (e.g. Gilliam & Platt 1999) .
We develop a different approach to establishing goals for restoration. Our prior studies have investigated the stand dynamics of old-growth pine savannas and the role of natural disturbances in stand dynamics (Walker & Peet 1984; Platt et al. 1988; Platt & Schwartz 1990; Platt & Rathbun 1993; Doren et al. 1993; Gilliam et al. 1993; Noel et al. 1998; Platt 1999; Gilliam & Platt 1999; Platt et al. 2000) . In this paper we use this prior work to develop a conceptual, phenomenological, patch dynamics model that characterizes the dynamics of overstorey regeneration and patch dynamics within stands. We next examine how natural disturbances (hurricanes, fires) influence patch dynamics and regeneration, predicting differences in physiognomic characteristics of pine stands as a result of differences in natural disturbances. We then apply this model to two old-growth pine savannas with different ecological histories, the Wade Tract in southern Georgia and the Boyd Tract in the North Carolina Sandhills, to show that the same phenomenological model can produce very different physiognomies. Using the same two old-growth savannas, we then project how these stand physiognomies are likely to have been molded by natural processes and different human management actions. In this way, we use our model to derive strategies for restoration of pine savannas that are linked to reinstitution of important ecological processes rather than specific physiognomic states.
A phenomenological model of pine savanna physiognomy
Physiognomic structure is similar among different pine savanna ecosystems. Historically, these ecosystems covered large expanses with two layers of aboveground vegetation: overstorey trees and a ground cover of predominantly herbaceous vegetation. Even though there probably were inclusions of different types of vegetation (e.g. Harcombe et al. 1993; Platt et al. in press) , the background matrix for most southeastern coastal plain uplands appeared to be overstorey pines and a ground cover layer (also see Frost 1993; Schwartz 1994; Peet 2006) . Historical records (see Platt 1999 and references therein) and photographs (e.g. Schwarz 1907; Wahlenberg 1946; Gilliam & Platt 2006) are consistent in documenting this two-layered physiognomy. This overstorey/ground cover physiognomic structure is independent of species composition and densities of dominant species, which vary geographically and often within sites (e.g. Noel et al. 1998) . Different species of pines (e.g. P. palustris, P. elliottii var. densa, P. echinata, P. serotina) are present in pine savanna vegetation in different habitats in the different biogeographic regions across the southeastern United States (Platt 1999) . The ground cover is generally dominated by large, warm-season (C 4 ) grasses, but species composition changes along moisture gradients within a site, as well as among biogeographic regions (e.g. Peet & Allard 1993; Peet 2006) . Thus, generation and maintenance of this physiognomy should be an important goal for ecological restoration and management of pine savannas.
A two-layered physiognomy involves cycling of overstorey species through the ground cover and into the canopy. We use demographic characteristics of pines and ground cover to develop a phenomenological patchdynamics model that, as we propose, operates in all pine savannas. The demographic characteristics were used to generate four 'rules' that relate patch dynamics to the formation of a two-layered physiognomy. These rules generate a cycle shown in Figs. 1 -3. At this point, we do not consider environmental processes that might drive the system. For convenience, we start with the entrance of pines into the ecosystem as seeds, following the life cycle until pines enter the overstorey.
Savanna pines commonly mast, producing large seed crops at periodic intervals. For example, cone-bearing longleaf pines, especially in old-growth stands, mast at irregular intervals. As many as 400-800 cones may be produced by large, overstorey trees (W.J. Platt unpubl. data). Dispersal via wind occurs over distances as large as 200 m (Grace et al. 2004 ). Thus, in mast years, first seeds and then seedlings of savanna pines tend to be widely distributed in the vicinity of large trees (Grace & Platt 1995a, b; Platt 1999 , Grace et al. 2004 ). Consequently, juvenile pines are expected in areas with and without overstorey pines, as long as there are sufficient cone-producing trees in the vicinity. We note that there are many reasons why there might not be abundant pines in savanna landscapes, but that dispersal limitation is not likely the cause when there are sufficient large adult trees for seeds to reach areas without such trees. The juvenile stages of savanna pines (particularly P. palustris and P. elliottii var. densa) may persist in the ground cover for several to many years (Wahlenberg 1946; Landers 1991) . While in the ground cover, juvenile pines are negatively influenced by any overstorey trees in the vicinity (Platt & Rathbun 1993; Grace & Platt 1995a, b) . Recruitment into the overstorey thus is confined to openings in the overstorey (Platt et al. 1988; Platt & Rathbun 1993; Grace & Platt 1995a, b; Palik et al. 1997; Brockway & Outcalt 1998; McGuire et al. 2001) . The size of opening needed for recruitment is expected to vary with local site conditions such as soil types and moisture, the density of vegetation (and hence competition), as well as fuel loading by pines and the ground cover.
Rule 2: Growth out of the ground cover and thus recruitment into the overstorey only occur in patches that do not contain overstorey trees.
Vegetation in the ground cover of pine savannas can be separated into two layers that contain similar growth forms corresponding to small-and large-stature plants (Figs. 1 -3) . Guilds have been distinguished by Gilliam & Roberts (2003a) on the basis of whether the focal plants remain in the small-stature layer throughout their life cycle (resident species) or potentially leave the small-stature layer to become largestature ground cover plants (transient species). The forbs and graminoids of the small-stature layer contribute most of the biodiversity in the pine savanna ecosystem and largely remain as resident species of that layer. Transient species in the ground cover include large warm-season (C 4 ) grasses, large forbs, shrubs and lianas, as well as juvenile pines. Interactions in the ground cover are presumed to be governed by the assembly rule that larger plants exert strong and unidirectional depressant effects on smaller plants (Weiher & Keddy 1999) . Thus, species composition and structure of the ground cover in pine savannas vary with the spatial and temporal coincidence of the resident and transient plant groups.
Juvenile pines are prominent transient species in the ground cover. The juveniles typically are present in the small-stature layer of the ground cover for a number of years (Wahlenberg 1946) . Initially, growth and survival are influenced by large-stature species of the ground cover. The likelihood of survival, rates of growth, and the duration of susceptibility to suppression in the ground cover depend primarily on competitive interactions determined largely by the presence and biomass of largestature plants.
Once in the large-stature layer of the ground cover, juvenile pines become part of the large-stature guild that exerts depressant effects on smaller-stature plants. The initial juveniles reaching large stature suppress smaller pines, creating a size-structure driven competitive hierarchy among the juveniles in a patch of recruits.
Rule 3: Although juvenile pines enter the ground cover as small-stature species subject to depressant effects exerted by large-stature species of the ground cover, once in the large-stature layer they are no longer subject to ground cover assembly processes.
Once pines emerge from the ground cover, overstorey patch dynamics become important. Pines make the transition from ground cover to overstorey in a few years (Rebertus et al. 1993) , and thus they become part of patches influenced by interactions among recruits now in tree stages, and especially larger trees in the vicinity (Platt and Rathbun 1993) . Patches of small trees within stands grow and thin over time periods of up to many decades, gradually merging newer patches of trees into a more random background pattern of larger trees of uneven age and size (Platt et al. 1988; Platt & Rathbun 1993; Grace & Platt 1995a, b; Noel et al. 1998) . Over time, slow death of overstorey trees, primarily from lightning strikes and windthrows, opens new canopy patches with a treeless state and of a size suitable for recruitment (Platt et al. 1988 The overstories of well-studied, old-growth pine stands typically consist of patches or local cohorts of trees. Within patches trees were recruited within a few years of each other, but among patch recruitment times vary over many decades and often centuries (Platt et al. 1988; Platt & Rathbun 1993; Doren et al. 1993; Platt et al. 2000) . These local patch dynamics determine overstorey structure in pine savannas. Moreover, the dynamics of any single overstorey patch appear independent of surrounding patches (Platt & Rathbun 1993) . Internal patch rules govern the numbers and sizes of trees present, as well as rates of opening of new patches and rates of change in existing patches. As these rules are not specified by our phenomenological model, a wide range of overstorey stand structures is possible within patches in old-growth stands, from scattered large trees to high densities of small stems to intermediate densities with mixed stems sizes (Noel et al. 1998 ).
This four-rule, phenomenological model generates physiognomic structure of pine savannas as a two-state system. This model also generates a two-stage patch model: those with overstorey and ground cover and those with only ground cover (including juvenile pines, if present). Variation over space and time in the significance of the four rules can influence physiognomic structure within and among stands.
Incorporating natural disturbances as drivers in the phenomenological model
We propose that the physiognomy of southeastern pine savannas is influenced by two large-scale disturbances, fires and hurricanes. These affect different lifecycle stages of Pinus palustris. Hurricanes affect primarily overstorey trees, whereas fires affect primarily juvenile stages in the ground cover. It is likely, therefore, that these disturbances will affect different aspects of patch dynamics, and ultimately the physiognomy of pine savannas.
Over the past century, tropical storms typically have crossed any given site on the southeastern US coastal plain once every few decades, usually toward the end of the summer wet season (Simpson & Lawrence 1971; Conner et al. 1989) . Most tropical storms have been of low intensity, with high intensity storms occurring every few centuries (Batista & Platt 1997) . Tropical storms have been hypothesized to have differential effects on species and sizes of trees in forests (Quigley & Platt 2003) . Several hurricanes of the past 20 years (e.g. Kate 1985; Joan 1988; Hugo 1989; Andrew 1992; Fran 1996) have stimulated study of forest trees, particularly the effects on mortality and recruitment and consequent population dynamics (see papers in Walker et al. 1991; Gresham et al. 1991; Stone & Finkl 1995; Platt et al. 2000 Platt et al. , 2002 Batista & Platt 2003) . Most studies have been conducted in subtropical and warm temperate hardwood forests where mortality of trees has been typically < 20% and where resprouting has been extensive. These studies have postulated different effects and responses (Batista & Platt 2003) . Emergent concepts relate variations in wind damage and responses of species to variations in direct regeneration of forest structure after a tropical storm.
Tropical storms influence overstorey stages of pine populations. The primary effects include damage and mortality of established, large trees, changing Rule 4 by opening multiple patches synchronously (Fig. 1) . As a result, there is potential for synchronized recruitment that might produce large cohorts of similar age, but located in different and perhaps large patches (Rule 1). Inside patches in which the trees are severely damaged or killed, two things may occur. Increased light in areas without deposited biomass should facilitate recruitment of pines (Rule 2). In addition, the rapid opening of patches may stimulate growth of any recruits present prior to responses by the herbaceous ground cover (Rule 3). Nonetheless, litterfall occurs in many patches, either with intact or opened overstorey. Where present, this deposited litter should locally suppress both recruitment and growth/survival of any recruits present at the time of the hurricane (Rules 1-3). Furthermore, when the largest trees are heavily damaged, as in moderate-major hurricanes (Platt & Rathbun 1993; Platt et al. 2000) , there may be a reduction in cone/seed production that greatly reduces the likelihood of colonization of open patches for a number of years, generating time lags in regeneration (Rule 1). Thus, hurricanes are predicted to affect all four rules, but in different ways depending on local hurricane-generated changes. Spatial variation in effects on these rules should produce spatial variation in effects on stand physiognomy. Thus, hurricanes should generate local variation in patch dynamics, producing differences in stand physiognomy across the landscape.
Historically, natural fires that burned large areas were frequent in pine savannas. Ignition most often resulted from lightning produced by thunderstorms during the transition from dry springs to wet summers (Olson & Platt 1995; Platt 1999; Slocum et al. 2003) . Fire spread across the landscape was influenced by a combination of weather and fuels. Fire spread across landscapes has been hypothesized to result, in large part, from pyrogenic fine fuels in the ground cover (e.g., live and standing senescent warm-season grasses) and litter that does not decompose rapidly over the infertile soils of the region (Williamson & Black 1981; Gilliam 1991; Platt et al. 1991; Olson & Platt 1995) . Rapid drying of fine fuels potentially provided connectivity of flammable fuels across large areas in the spring, especially during La Niña episodes (Beckage et al. 2003) . Return intervals of 1-3 a have often been reported (Frost 1998) , based on high frequencies of lightning strikes (e.g. Hodanish et al. 1997) . Even on small barrier islands during periods with little human presence, fires occurred on average every 4 a, primarily during the transition from dry springs to wet summers. These frequent fires were typically of relatively low intensity because high frequency would keep fine fuel loads low (Platt 1999 , but see Thaxton 2003 Thaxton & Platt in press; Drewa et al. 2006 ). These fires have been hypothesized to produce open woodland/savanna with two physiognomic layers by exerting strong depressant effects on hardwood trees that form a dense, mid-storey layer and suppress the ground cover in the absence of such fires (Platt et al. 1988 (Platt et al. , 1991 Streng et al. 1993; Glitzenstein et al. 1995; Drewa et al. 2002) .
Frequent fires are widely recognized to influence growth and survival of pines in the earliest life cycle stages. Even low-intensity, dormant-season fires kill almost all seedlings (< 1 a old) (Hermann 1993) . Pregrass-stage juveniles also experience substantial mortality during growing-season fires (Grace & Platt 1995a, b) . These early life-cycle stages are particularly vulnerable to fires under pines (Grace & Platt 1995a, b) , where pyrogenic needles elevate fire intensity (Thaxton & Platt in press) . In contrast, once juveniles are in the grass stage they experience low mortality during fires, and growth may actually increase after growing season fires. Mortality risk may be elevated somewhat during the transition from grass stage to tree stages, especially at longer fire-return intervals (Rebertus et al. 1993 ), but is very low for large trees in frequently burned savannas. Repeated fires should affect pines in patches without overstorey trees, especially pine seedlings and pre-grass stage juveniles in those patches. Consequently, frequent, even low-intensity fires can influence likelihoods of transition from a treeless to a treed state, and thus the openness of the overstorey layer.
Fires influence juvenile stages that potentially generate new overstorey in patches, but have different effects on different juvenile stages (Fig. 2) . Fires alter Rule 3, influencing mortality of pines in the smallstature layer. Mortality of juveniles should be increased in areas with an overstorey because high densities of pine needles result in more intense fires and juveniles are stressed by interactions with large trees (Platt & Rathbun 1993; Grace & Platt 1995a, b) . Such mortality should slow formation of new patches of overstorey trees because a lag time occurs between opening of patches and colonization, lengthening the patch cycle. Fires also transiently reduce herbaceous cover and litter and references therein) and suppress most woody species of shrubs and trees (Glitzenstein et al. 1995; Drewa et al. 2002 Drewa et al. , 2006 Thaxton & Platt in press) . As a result, recruitment, growth, and survival of pines in patches without trees should increase with fire frequency up to a frequency of approximately two years, where upon Rule 1 is modified, even though the herbaceous ground cover when fully recovered may slow In patches with trees, the high densities of needles increase the intensity of fires, which kills juvenile pines in the ground cover and thus depresses recruitment of pines. In open patches, increased growth of ground cover generates increased fine fuels, but without high densities of pine needles. Fires transiently slow regrowth of ground cover and remove litter, potentially enhancing recruitment into the ground cover and the overstorey more than expected only on the basis of open patches. Solid and dashed arrows denote positive and negative effects, respectively, on recruitment into the overstorey. Fig. 3 . Combined effects of tropical storms and fires on patch dynamics of savanna pines. Because the two disturbances directly affect different life cycle stages, interactive effects should be expected to be mediated through effects of hurricanes on subsequent fires rather than directly on pines. Solid and dashed arrows denote positive and negative effects, respectively, on recruitment into the overstorey. growth of pines. Moreover, the effects should vary with the patchiness and variation in characteristics of fires. Fires in the winter/dry season should burn somewhat uniformly across the landscape. In contrast, fires become progressively patchier and less intense as the lightning season progresses , resulting in low intensity or unburned patches. Such variation is likely to produce differential fire effects across pine savanna landscapes burned by frequent lightning-season fires.
Hurricanes and fires potentially have interactive effects. The damage and mortality of overstorey trees involves transfer of biomass from the overstorey to the ground cover, locally increasing both coarse and fine fuels (Fig. 3) . Once dry, these additional fuels (pine needles, wood) burn at increased intensity in the subsequent fire Thaxton 2003; Thaxton & Platt in press ). Thus, hurricane-generated fuels can potentially affect both large-and small-stature components of the ground cover, opening gaps through increased intensity created by the added fuels and thereby increasing pine seedling recruitment, but also generating reduced intensity of subsequent fires when litter influx from the pines is reduced . Thus the interactive effects of hurricanes and fires depend on the context of prior regeneration by overstorey pines. If juveniles are present in the ground cover, increased fire intensity is likely to cause elevated mortality in local patches with increased biomass. Regardless of the presence of juveniles, the effects of increased fire intensity on the ground cover are likely to include increased establishment, more rapid growth, and higher survival of pines recruited after the fire. These interactive effects should increase the variation in both within and among stand physiognomy.
Application of the phenomenological model to oldgrowth stands.
To illustrate and validate our conceptual, heuristic model of pine savanna dynamics, we examine two wellstudied, old-growth Pinus palustris stands, the Wade Tract of southern Georgia and the Boyd Tract of the Sandhills of North Carolina. Our purpose is to relate the observed and contrasting overstorey structure and ground cover composition at these sites to the phenomenological model. It should be noted that these on-going studies were conceived and are carried out independent of one another. Thus, they employ different designs, sampling, and analyses. However, use of statistical methods appropriate to the respective designs allows us to address the predictions of the model simultaneously.
Sites
The Wade Tract, ca. 80 ha of the Arcadia Plantation in the Tallahassee Red Hills region (Thomas County) of southern Georgia (30.8 º N, 84 º W; Fig. 4 ), is located 100 km from the Gulf of Mexico. Soil parent materials for this region are generally Cretaceous unconsolidated sand and clay layers uplifted during the late OligoceneMiocene (Platt & Schwartz 1990 ). Surficial soils are predominantly silty, fine-textured sands with A horizons 50-100 cm thick, uniform, and acidic. The rolling topography of the Wade Tract is generally 120-130 m above mean sea level, with the moister, lower-elevation site types being less frequent. There are no records that indicate logging of living trees on the Wade Tract (Platt et al. 1988) . Arcadia Plantation, including the Wade Tract, has been burned biennially (occasionally annually, and rarely at longer intervals) for as long as plantation records exist, mostly in the late winter. Since 1983, the site has been managed by Tall Timbers Research Station using biennial fires. About half the prescribed fires have occurred in the transition from dry springs to wet summers.
The Boyd Round Timber Natural Area (Boyd Tract) occupies approximately 66 ha of the Fall-line Sandhills physiographic region of south-central North Carolina (35.2º N, 79º W; Fig. 4 ). Elevation ranges from 137 to 186 m above mean sea level. Parent materials for much of this area of the state (Moore County) are primarily unconsolidated sand and clay layers deposited in the Cretaceous. There are two distinct site types of approximately equal area at the Boyd Tract that differ in elevation, soil texture, and dominant vegetation. Upland sites are underlain by clay with surficial loamy sand soils (~25% silt); lowland sites have coarse-textured sands (Gilliam et al. 1993) . The history of the Boyd Tract prior to its purchase by the Boyd family at the turn of the 20th century is not well known. The presence of several stems older than 400 a indicates that the site has contained Pinus palustris at least since the mid-1500s (Gilliam et al. 1993) . The Boyd Tract burned in 1909, the result of a wildfire throughout much of the area. The fire history prior to this event is unclear, but no other fires occurred between 1909 and initiation of this study in 1989.
Sampling methods
Sampling methods differed at the two sites. Data on Wade Tract trees were obtained from the original sampling of a 40-ha mapped plot established in 1979 (see Platt et al. 1988) , which involved mapping of all pines > 1.5 m tall and all hardwoods ≥ 2 cm DBH. Species and diameter at 1.5 m (hereafter, DBH) also were recorded. Data for the Boyd Tract trees were obtained in 1989, using 60 circular 0.04-ha sample plots, 30 each located randomly in upland and lowland areas. All stems > 2.5 cm DBH within each plot were identified and DBH recorded.
Data used for comparisons was standardized. For the Wade Tract, total basal area and densities of all tree species were calculated based on data within the entire 40 ha plot. Relative basal area and density are expressed as percentages of totals within the plot. For the Boyd Tract, total and relative measures of basal area and densities of all tree species were calculated from the pooled 60 samples. Measurements at both sites were expressed as basal area or density per ha.
Analyses of spatial pattern (i.e., degree of patchiness) of Pinus palustris differed between sites. For the Wade Tract, we used the spatial patterns characterized by Noel et al. (1998) based on stand maps using the 1978 census. For the Boyd Tract, we used Poisson analysis to determine random versus non-random dispersion. Pattern was assessed by comparing differences between observed and expected values based on the Poisson distribution (Zar 1996) .
Ground cover species composition and relative abundance were sampled at both sites. Species numbers were recorded within 20-m × 50-m plots at both sites using methods developed by the Carolina Vegetation Survey (CVS; Peet et al. 1998) . Relative abundances were estimated as the averages of cover classes estimated within four intensively sampled 10-m × 10-m modules within each plot, using the CVS cover class criteria: 1= trace; 2 = 0-1%; 3 = 1-2%; 4 = 2-5%; 5 = 5-10%; 6= 10-25%; 7 = 25-50%; 8 = 50-75%; 9 = 75-95%; 10 = > 95%.
Data reported here include two plots each in upland and lowland sites at the Boyd Tract and three plots sampled at the Wade Tract, one in the uplands, one on the slopes, and one in bottomland flatwoods.
Overstorey comparisons

Structural characteristics contrasted sharply between
Pinus palustris stands on the Boyd and Wade Tracts. Whereas basal area of P. palustris was > 96% of the total at the Wade Tract, it was just over 50% at the Boyd Tract (Fig. 5a) . Furthermore, although relative basal area of P. palustris was much lower at the Boyd Tract, absolute basal area of P. palustris was more than twice that at the Wade Tract (Fig. 5a ). Stand differences in relative density of P. palustris were even more striking than those for relative basal area, 77% for the Wade Tract versus 9% for the Boyd Tract, respectively (Fig.  5b) . The absolute density of P. palustris was, however, only slightly greater (15%) at the Wade Tract than at the Boyd Tract (Fig. 5b) .
These differences in basal area and density of Pinus palustris at the two sites reflected differences in ageclass frequency distributions (Fig. 6 ). Almost half (45%) of P. palustris stems were 0-25 a at the Wade Tract, but < 10 % were in this age class at the Boyd Tract. Indeed, the age class with highest frequency at the Boyd Tract was 75-100 a.
There were also notable contrasts between sites in the frequencies of old (e.g. > 100 a) Pinus palustris. Whereas < 17% of P. palustris stems at the Wade Tract were >100 a old, ca. 40% of stems at the Boyd Tract were > 100 a. This contrast was particularly pronounced for stems between 100 and 200 a old. Greater than onethird of all stems at the Boyd Tract were within this range, but only about 10% were in this range at the Wade Tract (Fig. 6) . Thus, overall greater basal area of P. palustris at the Boyd Tract resulted from much higher density and likely higher survival of older trees.
Old pines are more uniformly distributed on the Boyd Tract than the Wade tract. We assessed dispersion of P. palustris at the Boyd Tract using Poisson analysis and rejected the hypothesis that P. palustris is randomly distributed (Zar 1996 ; statistical results are presented in Table 1 ; χ 2 was 42.5, greater than the tabular χ 2 of 18.31, with α = 0.05 and df =10). The greatest departure from the expected frequencies occurred for plots with 0-2 stems per plot (i.e. there were far more plots with just one P. palustris stem than would have been expected if this pattern were random). On the other hand, there also were more plots with ≥ 8 stems per plot than expected. The paucity of plots with intermediate frequencies of trees suggests a period with little recruitment. Further examination of plots reveals spatial differences in patterns of recruitment. Fig. 7 presents relative size-class distributions for P. palustris stems in high-density plots (i.e. plots with >10 stems) versus low-density plots (1-2 stems per plot). These were the plot classes that departed most from expectation in the Poisson analysis (Table 1) . Stems of P. palustris were generally smaller in high-density plots, with ca. 75% of stems in these plots being < 30 cm diameter at breast height (DBH). In contrast, > 80% of P. palustris stems in the low-density plots were > 30 cm DBH (Fig. 7) .
Ground cover comparisons
The ground cover differed markedly between the two sites. Species richness of the ground cover at the Wade Tract was > 4 times that at the Boyd Tract (Table  2) . Mean richness (± 1 SE) for all plots at the Wade and Boyd Tracts were 121 ± 9 and 28 ± 10 species per 1000 m 2 , respectively. In addition, herbaceous species were abundant in the ground cover of the Wade Tract plots, but were virtually absent at the Boyd Tract. Species dominance of ground cover was mixed at both sites, but more species shared dominance at the Wade than Boyd Tract. For example, between four and seven species on the Wade Tract and between two and four species on the Boyd Tract had >10% cover in the plots. All plots on the Wade Tract contained abundant warm-season (C 4 ) grasses (e.g. Aristida beyrichiana, Sorghastrum secundum, Schizachyrium scoparium, S. tenerum, Ctenium aromaticum, Saccharum giganteum; see Table 2 ). By contrast, none of the plots on the Boyd Tract contained abundant grasses, and only one plot even contained a grass at all (Aristida stricta). All plots in both sites contained abundant shrub-size plants. These included both sprouts of trees (e.g. Quercus laevis, Q. incana, Q. margarettiae, Q. velutina, Carya alba, Cornus florida, Nyssa sylvatica) and ground cover shrubs (e.g., Quercus pumila, Ilex glabra, Gaylussacia dumosa, G. frondosa). Table 1 . Poisson test for dispersion pattern of Pinus palustris at the Boyd Tract, NC. Column 1 contains categories based on numbers of P. palustris stems per plot, whereas Column 2 contains the number of plots (O) with the corresponding number of stems. The third column contains the expected number of plots (E) with the corresponding number of stems based on the Poisson distribution (Zar 1996) . Note that this test requires each category to have an E of > 5% of the total number of plots (i.e. E must be > 3). Thus, O-and E-data are pooled for the first three and last three categories.
Category
Observed number Expected number stems/ plot of plots with x of plots with x Disturbance regimes contrast sharply between the Wade and Boyd Tracts. The Wade Tract has experienced primarily biennial fires since record keeping at the site was initiated. By contrast, following its purchase by James Boyd circa 1900, the Boyd Tract experienced chronic fire exclusion. Nonetheless, there was a large, widespread wildfire in 1909 in the area surrounding Southern Pines, North Carolina, and this fire burned the Boyd Tract (Gilliam et al. 1993) . Some effects of this fire can be seen in the relative age-class distribution of P. palustris, with a nearly two-fold increase in relative frequency of stems in the 100-125 a class to the 75-100 a class, suggesting post-fire regeneration of P. palustris (Fig. 6b) . The fire-exclusion policy mandated by the Boyd family continued after this fire through the time that overstorey data were collected.
The two sites differ in the frequency of tropical storms. Storm tracks recorded by the National Oceanographic and Atmospheric Administration (see Gilliam & Platt 2006 for further description) are more numerous per decade in the Georgia coastal plain region containing the Wade Tract than in the North Carolina Sandhills region containing the Boyd Tract (http://www.aoml. noaa.gov/hrd/hurdat/DataByYearand Storm.htm). Thus, whereas the Wade Tract represents old-growth P. palustris in the presence of frequent fire and wind disturbances, the Boyd Tract exemplifies old-growth P. palustris with much lower frequencies of both disturbance types. Consequently, we interpret site-based differences in stand physiognomy in relation to differences in both disturbance regimes.
One of the more important predictions of our phenomenological model is the maintenance of discreet patches in the physiognomy of P. palustris stands. These patches include open patches devoid of pine overstorey and dominated by dense ground cover, as well as patches of P. palustris stems of a variety of sizes. Frequent fire both causes and responds to this high degree of spatial heterogeneity. Furthermore, although susceptibility of P. palustris seedlings to mortality from fire is initially high (Grace & Platt 1995a) , once P. palustris juveniles emerge as transient species from the ground cover their principle cause of mortality is catastrophic wind damage, such as that associated with tropical storms. Mortality during a single tropical storm, although typically low (Doren et al. 1993; Platt ety al. 2000; Batista & Platt 2003) , can be substantial in some stands (Boucher et al. 1991) .
Comparisons of stand physiognomy -including basal area, density, and dispersion patterns of P. palustris stems -between the Wade and Boyd Tracts support these predictions. Basal area and density of all stems at the Wade Tract was overwhelmingly dominated by P. palustris, whereas only about one-half of the total basal area and < 10% of stem density at the Boyd Tract was P. palustris. However, although absolute densities of P. palustris were similar between sites, absolute basal area at the Boyd Tract was over twice that at the Wade Tract (Fig. 6a, b) . This suggests that frequent fire and tropical storms at the Wade Tract has maintained high densities of P. palustris, particularly in the smaller regeneration classes. By contrast, fire exclusion at the Boyd Tract has inhibited P. palustris regeneration; the absence of tropical storms has allowed already present P. palustris stems to survive and grow to large sizes.
Although lacking a spatial component, comparison of ground cover composition is consistent with predictions of our model, primarily that fires exert their most direct influence on processes in the ground cover. High fire frequencies at the Wade Tract have selected for ground cover characteristics typical of old-growth pine savannas -high cover and species diversity, with the predominance of C 4 grasses and numerous juveniles of P. palustris. Chronic fire exclusion at the Boyd Tract, on the other hand, has selected for the predominance of seedlings/sprouts of hardwood species that share dominance with P. palustris in the overstorey (Table 2 ). In the absence of differences in canopy and disturbance regimes, we would have expected the Boyd Tract to have ground cover species richness at the 1000-m 2 scale much closer to that of the Wade Tract than was measured. Ground cover species richness in upland Pinus palustris savannas is generally highly correlated with soil silt content (Peet 2006) , and both the Boyd and Wade tracts have soils with measurable levels of silt.
As already mentioned, the central feature of our model is its prediction of a high degree of spatial heterogeneity (patchiness) that is created and maintained in pine savannas by frequent natural disturbance. A wide range of ages and sizes of trees are represented in the mapped stand on the Wade Tract ( Fig. 6a; see Platt et al. 1988 , Platt & Rathbun 1993 Noel et al. 1998) . The pine stand consists of aggregations that are greatest for small-sized trees just leaving the ground cover. Over time, as trees grow and thin, the aggregation decreases until the background density of large-sized, old trees is essentially random. Open patches without trees comprise about 1/3 of the stand area, and another 1/3 of the open area contains small trees still in height growth (Noel et al. 1998) .
In contrast, P. palustris at the Boyd Tract displays primarily a regular, or uniform, distribution (Table 1) . Further comparisons, however, indicate that this is re- lated more to the spatial distribution of large, old pine than small, young ones. The fact that these young pines are actually quite patchy in distribution is consistent with the predictions of the model. We suggest that the vast majority of these pines represent the post-burn regeneration cohort following the wildfire of 1909. As predicted by the model, regeneration following the fire occurred in patches, which can be seen in the high frequencies of stems 77-100 a old (Fig. 6b) and 20-30 cm DBH (Fig. 7) . Once again, the effect of fire exclusion is seen in decreased frequencies of stems in younger and smaller classes (Figs. 6 and 7) .
Examination of Pinus palustris found in low-density plots (i.e. 1-2 stems per plot) reveals the nature of the size distributions of pines that are uniformly dispersed at the Boyd Tract (Fig. 7) . These are generally much larger than pines found in patches. In addition, peaks in both the 30-40 and 50-60 cm DBH classes suggest that they may be of mixed cohorts. Certainly, these patterns indicate that, in the absence of fire, the degree of patchiness in the physiognomy of P. palustris declines.
Differences between sites in frequency distributions are most pronounced in classes ≤ 100 a. For the Boyd Tract, this period followed the wildfire of 1909 (see Gilliam et al. 1993) . It is during this time that the Tract was owned by James Boyd, who actively excluded fire at the site, a practice that drastically reduced Pinus palustris regeneration. During this same time, the Wade Tract was burned on a 1-2 a interval, promoting successful establishment and growth of P. palustris juveniles.
The sharp contrasts in ground cover composition between these old-growth Pinus palustris stands most likely have arisen from differences in fire regimes. Chronic absence of fire at the Boyd Tract has allowed establishment of seedlings/sprouts of woody species to exclude the dense and diverse herbaceous layer typical of P. palustris ecosystems (Gilliam et al. 1993) . By contrast, the long-term, frequent-fire regime at the Wade Tract has promoted the dominance of species adapted to high fire frequencies, particularly the C 4 grasses (Platt 1999) .
During the past century, hurricanes have occurred at higher frequency along the Gulf coastal plain than they have along the Atlantic coastal plain (Simpson & Lawrence 1971) . During this period hurricanes of low intensity have had an average occurrence in the area surrounding the Wade Tract of once every one to two decades (Batista & Platt 1997; Platt 1999) . Even though such hurricanes typically result in low rates of mortality in old-growth pine stands, because of the susceptibility of large trees to wind damage it is likely that these storms maintain lower basal area and density than in areas experiencing lower hurricane frequencies (Platt & Rathbun 1993; Platt et al. 2000; Batista & Platt 2003) . The result is a stand with numerous open patches (Platt & Rathbun 1993; Noel et al. 1998 ). These open patches, which may or may not contain downed trees, interact with fires to generate different types of openings that potentially influence recruitment of new pines into stands. Thus, stands that experience frequent hurricanes, like the Wade Tract, are predicted to be more uneven in age and size than stands experiencing less frequent hurricanes, even if fires occur frequently.
Periodic hurricanes constitute an unpredictable, but important source of mortality of overstorey pines. For example, in a single night Hurricane Kate (sustained winds about 160 km/h) caused direct mortality of large trees on the Wade Tract (located about 80 km from the Gulf of Mexico) equivalent to seven non-hurricane years of mortality from lightning and windthrows (Platt et al. 1988; Platt & Rathbun 1993) . Damage from hurricanes also is associated with extended mortality over several years after the hurricane . On the Wade Tract, direct mortality plus extended mortality (ca. 5% of the population) was roughly equivalent to 15-20 a of normal mortality of large trees in the stand (W.J. Platt, unpub. data) . Such direct and extended mortality of large trees can enhance the open nature of southeastern pine savannas near the coast .
Stand-structural characteristics of the Wade Tract stand appear close to the historic condition. This stand is characterized by physiognomy and patch structure more appropriate as a reference condition for restoration of altered P. palustris ecosystems than the structural characteristics of the fire-suppressed Boyd Tract. Nonetheless, differences in composition of the two stands do not only reflect differences in fire suppression. We propose that the higher density of large trees at the Boyd Tract reflects a lower frequency of tropical storms of sufficient intensity to reduce the basal area and density of larger trees. Thus, although the dynamic processes influenced by natural disturbances are similar in the two stands, differences in frequency of both tropical storms and fire appear to have had strong effects on the stand structure in these two old-growth stands.
Conclusions
Pinus palustris stands are characterized by a deceptive structural simplicity involving an often monospecific overstorey underlain by a species-rich ground cover. Indeed, heterogeneity in P. palustris ecosystems occurs primarily in a horizontal, rather than vertical dimension. Further, the physiognomy changes frequently over time, as a result of the patch dynamics of the pine stand. Nonetheless, intrinsic and extrinsic ecological processes generate substantial variation in this apparent simple physiognomy. The model we develop in this paper underscores the diversity and complexity of mechanisms important in producing variations on this simple physiognomy. These mechanisms potentially operate in all stands and involve natural disturbances of fire and tropical storms.
Both disturbance regimes have been influenced by humans. Fire regimes have been altered for more than a century, and all current P. palustris stands are approaching a condition where few trees are present that entered the stand under pre-settlement fire regimes. Hurricane intensity (and thus frequency of major hurricanes) has been increasing as well (Knutson & Tuleya 2004; Emmanuel 2005) . Thus, at least in coastal pine savannas, mortality rates of older trees have been increased, and over the coming decades those trees recruited under more natural disturbance regimes are likely to disappear from pine savannas. The continued development of stand models like the one we propose here is critical for conservation of pine savannas, if some semblance of a savanna-like habitat is to persist, given effects of other predicted environmental changes (e.g., Saxon et al. 2005) . Further, practical application of model concepts to restoration and management of pine savannas is needed if any are to remain that resemble those that occurred prior to alterations of disturbance regimes. We propose that such application is essential for maintenance of the high biodiversity, both of plants and animals, in pine savannas.
